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 Fluvial channel networks are observed to grow in unchannelized areas of low relief 
despite the low potential energy for erosion in these areas of low slope.  Under these low slope 
conditions significant channel growth only occurs when water is collected and flows as 
concentrated discharge in specific areas.  Previous work examined how surface water routing out 
of closed depressions on the landscape could produce concentrated discharge to drive channel 
incision. We propose that water could be routed underground to feed growing channels and 
numerically model the contribution of groundwater contribution to stream development. Our 
results show that groundwater seepage steepens river long profiles, and moderate groundwater 
contributions (< 25% of total water) increase the rate of channel growth relative to cases with 
only surface water. Groundwater input also promotes branching near the groundwater seeps.  
These results indicate that we cannot disregard groundwater as a potentially significant 
contributor to stream evolution in low-relief areas. In particular, we suggest that groundwater 
seepage could have played a significant role in post-glacial stream development of the Central 
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CHAPTER 1: INTRODUCTION 
 
River networks actively grow in unchannelized areas above base level across a range of 
landscapes and climates. Channels form on marine terraces (Anderson et al., 1999), lava flows 
(Simon, 1999), and areas blanketed by glacial sediment (Pillans, 1985). In all these cases, 
drainage density increases over time (Pillans, 1985; Ruhe, 1952).  Theoretical models of stream 
erosion are driven by slope and discharge (Whipple and Tucker, 1999), with discharge often 
being approximated as a simple function of drainage area (Lague, 2013). Observations of the 
location of channel heads in mature landscapes suggest a trade-off between slope and discharge 
as a criterion for channelization (Montgomery and Dietrich, 1995). This implies that if no points 
on the landscape have significant concentrations of discharge and large enough slopes, then 
channelization will not occur.  For example, passive margin escarpment retreat is limited by the 
lack of drainage area of channels along the escarpment front, indicating that even where slopes 
are steep significant channelization cannot proceed without significant discharge (Gunnell and 
Harbor, 2010; Colberg and Anders, 2014). In low-relief landscapes, discharge is not necessarily 
concentrated and slopes are low, suggesting that the growth of drainage networks should be very 
slow. 
Low-relief landscapes often contain lakes and closed depressions that do not feed into 
external drainage networks. If the precipitation that falls on these closed depressions and their 
catchments is not routed to external drainage networks it cannot drive evolution of those 
networks.  The expectation of limited or very slow growth is not consistent with the observation 
of increasing drainage density over time (Ruhe 1952).  Limited work on drainage network 
expansion in low-relief areas has emphasized the potential importance of surface water routing 
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across low drainage divides (Lai and Anders, 2018). We consider the possibility that water from 
closed basins reaches external drainage networks through subsurface flow across the subtle 
surface water divides.  We develop an idealized model of this subsurface flow and implement it 
in a numerical landscape evolution model to evaluate its significance in determining the rate of 
river network expansion and influence on network morphology.  
Groundwater can be supplied to fluvial channels either via a point source (a spring) or 
through more diffuse groundwater discharge. The concentrated flow through the subsurface to a 
spring can cause subsurface erosion and propagation of a channel head initiated at the spring.  
This process is referred to as groundwater sapping (Higgins, 1984). Seepage erosion is a similar 
process that occurs when groundwater discharge takes place over a broad area (Higgins, 1984).  
Tabletop experiments indicate the intersection of seeps on the landscape can be the area of 
highest erosion (Howard and McLane III, 1988). We do not directly consider sapping as a 
distinct geomorphic process, but instead focus on the impact of groundwater as an added 
contribution to stream discharge. In this sense, we make no distinction between water derived 
from the surface and water traveling from the subsurface.  Rather, we emphasize the importance 
of the fate of precipitation falling on closed depressions and their basins, suggesting the default 
assumption that surface topography is the only control on flow routing may not be appropriate in 
some landscapes. This choice to focus on water routing, rather than seepage erosion, is motivated 
by the observation that significant fractions of low-relief landscapes can be unconnected from 
external surface drainage networks. For example, prior to conversion to agriculture, 44% of the 
southern edge of Des Moines Lobe, a late Wisconsin glacier at the southern margin of the 
Laurentide Ice Sheet, was occupied by wetlands (Miller et al. 2009). Groundwater in such low-
relief areas can cross subtle topographic relief, as has been observed in the Prairie Potholes of 
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North Dakota (Winter and Rosenbury, 1998). However, for long-term contributions of 
groundwater across surface water divides, the water table requires a source of annual recharge 
(De Vries, 1994). 
 The influence of groundwater on rates of channel network growth and network 
morphology has been studied extensively in the unique low-relief area of Florida’s panhandle 
where streams are entirely fed by groundwater with no overland flow occurring (Schumm et al., 
1995, Abrams et al., 2009, Devauchelle et al., 2012). The rate of channel head propagation is 
successfully modeled as a linear function of the groundwater flux (Abrams et al., 2009). The 
number of branches and angle between tributaries is characteristic of erosion by groundwater 
sapping (Abrams et al., 2009, Devauchelle et al., 2012). In addition to these indications of 
groundwater-specific erosion processes, there are also morphological features that could simply 
reflect the contribution of water to the fluvial network.  For example, Schumm et al. (1995) 
present stream long profiles that suddenly steepen below the point where groundwater discharges 
to the surface.  
 While the conceptual and numerical models we present are not meant to simulate any 
particular geographic setting, they are motivated by the need to improve our understanding of the 
post-glacial landscape evolution in the Central Lowlands of the United States. The Central 
Lowlands (Fenneman and Johnson, 1946) is a low-relief physiographic province in the interior of 
the continental United States and Canada. Scant research has addressed the (hydro)geomorphic 
evolution of this landscape following continental glaciation (Lai and Anders, 2018) despite the 
agricultural significance of this large region. The Central Lowlands were affected by multiple 
Quaternary glaciations. This landscape hosts glacial sediments of different mineralogy and origin 
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that have weathered through varying climate, ecosystems and hydrologic regimes (Anders et al., 
2018).  
Glaciation resets large portions of the stream networks of this landscape by filling low-
order stream valleys with sediment (Anders et al., 2018). After each glacial period, streams begin 
to incise the undrained uplands and drainage density increases with time since most recent 
glaciation (Ruhe, 1952; Miller et al., 2009). A single interglacial period is typically not long 
enough to allow for complete integration of drainage (Vandenburghe, 2002).  In particular, 
extensive prairie wetlands with few incised channels characterized Illinois and Indiana in the 
early 1800’s (Rhoads et al., 2015), indicating that the roughly 25,000 years since late Wisconsin 
episode glacial retreat was not sufficient to form complete drainage networks. 
The dominant effect of glaciation on small valleys along the distal southern edge of the 
Laurentide Ice Sheet was to fill them with sediment; in contrast, the impact on large valleys was 
frequently very different.  Many large rivers across the Central Lowlands were deeply incised 
during or closely following glaciation. Some of this river incision was driven by catastrophic 
drainage of pro-glacial or subglacial lakes.  For example, abrupt drainage of Glacial Lake 
Agassiz down the Minnesota River caused tens of meters of incision (Gran et al., 2013).  Such 
main tributary river incision was also driven by increased discharge due to the large effective 
drainage areas of the rivers of the Central Lowlands, which extended to ice divides in central 
Canada during glaciation. Isostatic rebound also contributed to incision of major valleys 
(Wickert, 2016). The combination of these factors incised many large river networks throughout 
the Central Lowlands during the end of the last glaciation or immediately following deglaciation 
including the Ohio River (Durrell, 1977), the Illinois River (Curry et al., 2011), the Wabash 
River (Wayne, 1951), the Sangamon River (Grimley et al., 2016), and the Wisconsin River 
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(Anderson, 1988; Carson et al., 2018). The incision of the Minnesota River caused ongoing 
headward growth of tributary channels, producing prodigious sediment loads (Gran et al., 2013).  
The incision of other large rivers in the Central Lowlands is assumed to have also initiated 
growth of tributaries into the poorly drained uplands. The incised large valleys provide a local 
base-level fall of up to few tens of meters, with valley walls characterized by much steeper 
slopes than the rest of the landscape. These steep slopes provide part of the conditions needed to 
drive fluvial erosion of tributary valleys: we now consider how the other part of the equation, the 
river discharge, was generated. 
        Lai and Anders (2018) argue that developing stream networks in the Central Lowlands 
would not have had sufficient energy to grow to the observed extent without contributions of 
water from upland closed depressions and their catchments. They imagine one scenario where 
upland closed depressions could be connected to external drainage networks by filling lakes to 
their spill point and routing the overflow across the landscape. A similar mechanism occurred in 
the post-eruption landscape surrounding Mount St. Helen’s (Simon, 1999). We propose that 
instead of being routed over the surface, water from upland closed depression could have been 
routed to external drainage networks via the subsurface. To investigate this idea, we develop a 
conceptual model of how groundwater flow could contribute to developing tributaries along an 
incised major valley and explore how the rates and patterns of stream network development vary 
as a function of reasonable variation in model parameters. Our immediate goals are to (1) 
identify morphological characteristics that are unique to models with groundwater contribution 
and (2) constrain the sensitivity of growth rates in the modeled drainage network to the routing 
of water.  A longer-term goal is to constrain the possible contribution of groundwater to post-
glacial stream network development in the Central Lowlands. Anecdotal support for a correlation 
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between the presence of groundwater and upland drainage in the Central Lowlands can be found 
in a historical account describing the Illinois uplands as, “cold springy uplands which are quite 
free from deposits of muck” (Urban, 2004, Waring, 1887). Perhaps, this nineteenth century 
observer made a connection between spring abundance and landscape drainage, a connection that 





















CHAPTER 2: METHOD 
 
The Landlab software package (Hobley et al., 2017) is designed to model landscape 
development over the course of geologic time. Landlab is an open-source, Python-based 
repository for models of geomorphic processes. Users construct landscapes and apply boundary 
conditions, hydrologic processes, and geologic processes to the domain; these processes are 
represented and propagated forward in time by modular Landlab components.  
We develop a new Landlab component, SeepCharge, to simulate the discharge of 
groundwater to the surface due to Darcy flow within a confined aquifer subject to imposed flux 
and/or head boundary conditions. Using this approach, we drive subsurface flow towards an 
incised valley and neglect the influence of subtle (and often poorly constrained) changes in 
surface topography on groundwater elevation head. In this framework, groundwater becomes 
surface water when the landscape is incised to an arbitrary value representing the elevation of the 
aquifer. Where this groundwater emerges, we set a new fixed head value of zero at that cell 
(Figure 1). The steady-state head field must then be (re)solved for flow subject to the boundary 
conditions and evolving interior head conditions. This calculation is based on uniform steady 
mass balance for subsurface flow, thus ensuring that groundwater in equals groundwater out 
even as streams grow in the landscape. Flow is calculated across each cell following Darcy’s 
Law. Our groundwater acts as a confined aquifer and we do not consider groundwater recharge 
in the model, though this has been done on a 3-D landscape evolution model with hill slopes 
(Zhang et al., 2016). We acknowledge the complexity and large spatial variability of the 
subsurface for transmitting the flow of water (Cey et al., 1998) and the complex glacial deposits 
of the Central Lowlands which likely support a variety of flow rates and travel paths (Anders et 
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al., 2018). However, in the present approach we rely on a simplifying assumption of a uniform 
subsurface hydraulic conductivity in order to focus on the importance of groundwater 
contribution to developing stream networks.  
 
Figure 1. Interaction of the SeepCharge groundwater model with the Landlab surface topography. a. The initial 
condition is forced groundwater flow to the left that produces a linear decrease from high to low head across the 
domain. b. As the landscape erodes, groundwater is routed into the streams and the head value on the right boundary 
decreases to keep the flux of groundwater into the domain constant. 
 
In addition to SeepCharge, we use the previously published Landlab components Flow 
Router, Fastscape Eroder, and Linear Diffuser. These functions serve to model how the surface 
water is routed through the landscape based on the topography of the eight surrounding cells, 
how the landscape erodes based on the surface water discharge and slope, and how the landscape 
responds to hillslope diffusion. Our model of channelization uses timesteps of one thousand 
years and ignores short catastrophic events, although catastrophic events cause landscape 
9 
 
evolution to occur on human timescales (Nachetgade et al., 2002). The groundwater flux 
predicted by our new SeepCharge component is added to the Landlab surface water, based on 
whether the topographic elevation has been incised enough to access the groundwater.  In the 
present study, we assume that the groundwater is moving through a conductive lens that 
intersects the surface topography at 10 meters elevation (the conductive layer pictured in Figure 
2).   The combined groundwater and surface water is then fed into the Fastscape Eroder, which 
uses Braun and Willett’s (2013) scheme for calculating fluvial erosion. In some of our 
experiments, we instantiate the Landlab Depression Finder and Router component (DFR): a 
component that routes surface water out of closed depressions. If DFR is not active, surface 
water in surface depressions and their catchments is assumed to be lost to evapotranspiration. 
The final Landlab component used is the Linear Diffuser, this smoothens the landscape assuming 
hillslope transport is linearly proportional to slope. This loop with Flow Router, SeepCharge, 
DFR (if activated), Fastscape Eroder, and Linear Diffuser will calculate as many time steps 
specified; in our case 60 one-thousand year time steps. In this study, we do not consider how soil 
development and mass transport would affect the hydrologic development of the landscape, 







Figure 2. A model showing a conceptual version of the SeepCharge model. The groundwater feeding the streams 
flows in a confined aquifer that does not experience recharge within the domain and only intersects with the surface 
topography when the landscape erodes to a specified depth. 
 
Overall, our model considers how water moves within and over a landscape. Our 
groundwater model operates under fully saturated Darcian flow in a confined aquifer. When the 
head values are at steady-state in this model, the flux of groundwater (Qgw, [L3/T]) to the surface 
at a specific cell is calculated using a form of Darcy’s Law:  
 
                                    Qgw = Kgw × CA × ∆HG                           (1) 
 
where Kgw is hydraulic conductivity [L/T], CA is the cross-sectional area of the conductive layer 
[L2] and ∆HG is dimensionless head gradient.  
The change in topographic evolution over time within a cell in our model (dh/dt, [L/T]) is 
simply the sum of fluvial erosion (EFluvial, [L/T]) and hillslope diffusion, (DHillslope, [L/T]) as we 
neglect uplift: 
dh/dt =  DHillslope – EFluvial                        (2) 
 
When the landscape erodes by fluvial or hillslope processes, we do not allow the eroded 
sediment to redeposit, but instead force it to leave the domain.  We use the stream power law 
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with a threshold value below which fluvial incision does not occur (thres, [L/T]) to model fluvial 
erosion (EFluvial, [L/T]) with an expression for surface water discharge in place of the usual 
dependency on drainage area: 
 
     EFluvial = Ksp (R × A + Qgw)0.5S- thres         (3) 
 
where Ksp [ L-0.5/T0.5 ] is a constant, R is the spatially and temporally uniform precipitation rate 
[L/T], A is contributing drainage area [L2], Qgw is groundwater discharge to the surface [L3/T], 
and S is dimensionless topographic slope. 
We use a simplified hillslope diffusion equation suitable for a low relief landscape 
(Perron et al., 2008) in which hillslope erosion DHillslope, [L/T]), is proportional to the curvature 
of the topography:  
 
                 DHillslope = D ∇ℎ       (4) 
 
where D is landscape diffusivity [L2/T], and ∇ℎ is the curvature of the topography [1/L]. 
To implement in Landlab, we discretize Darcy’s Law using a two-dimensional explicit 
scheme. This scheme calculates the next time step of the distribution of hydraulic head (Hnext, 
[L]) by multiplying and averaging the current hydraulic head matrix (H, [L]) with hydraulic head 
conductivity (Kgw , [L/T]), and cell length value (dx, [L]). In the SeepCharge model the left side 
is a constant head Dirichlet boundaries, while the top and bottom are flux boundaries.  
Interior cells 
Hnext[i,j] =  
(![!!!,!] × !!" ! ![!,!!!]×!!" ! ! !!!,! × !!" ! ! [!,!!!]×!!")
!!" × !





Right Boundary  
        Hnext [i, j] = (Qr/( Kgw × dx)) + H[i, j-1]                                        (6) 
 
Top and Bottom Boundaries 
        Hnext [i, j] = H[i-1, j]                                                     (7) 
 
Left Boundary 
          HL =  0                                                                              (8) 
  
The top, bottom, and right boundaries are fixed flux boundaries controlled by the cell 
immediately adjacent in the interior of the cell and the flux value at the boundary. For our 
purposes the top, Qt, and bottom fluxes, Qb, are set to zero; thus, the only source of flow to the 
model in from the right boundary flux, Qr. The hydraulic head of the left boundary, QL, is set to 
zero. All these flux terms have units of L3/T. For the interior cells, we note that equation 5 can be 
simplified with canceling out the Kgw term; however we show this equation in its original 
complexity for a case of heterogeneous grid domain, though we do not implement this.  
It takes several iterations of these equations for full convergence and the high values of 
head to diffuse to the left part of the domain.  We check for convergence by verifying that our 
groundwater model achieves mass balance. The groundwater model stops iterating when the total 
iterations of the model equal a total loop specified. We have verified that the total loop iteration 
is sufficient that the groundwater entering the model from the right leaves from the left.   
           Following Lai and Anders (2018) experimental setup, the domain is 5km by 5km, but our 
grid is composed of 50 blocks with a cell size of 100 meters. Initially, the model is at 0 m 
elevation on the left hand column but 15 m ±1.0m everywhere else. This is to replicate relief in 
areas of base level fall and incision. The left boundary is open to flow while the rest are kept at 
constant flow. The simulated rivers form on the left side of the grid and migrate right; the 
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groundwater ramp ascends from left to right. The streampower equation variables (Table 1) are 
kept constant between experiments (Table 1).  
 
Table 1. Model parameters kept constant between experiments. 
Variable  Value Units 
Linear diffusivity (-D)  0.001 m/year 
Hydraulic Conductivity (Kgw) 10  m/year 
Time Interval  1000 years 
Total Time Steps 60 - 
Total Water 2.5e6 m3/year 
 
          We hold the total water flux into the domain constant throughout all our experiments at a 
value of 2.5e6 m3/year: equivalent to one cubic meter per year for each square meter of surface 
area on the landscape. As a comparison, the groundwater dominated fluvial network of the 
Florida panhandle had a total discharge of 2.92 cubic meters per year per square meter. (Schumm 
et al., 1995). While holding the total water flux fixed we vary the fraction of this water coming 
from groundwater. We present cases with the groundwater being 0%, 12.5%, 25%, 50%, and 
75% of total cumulative water. The remaining fraction of water is supplied as precipitation 
uniformly distributed across the land surface. We test different values for the stream power 
incision coefficient (Ksp), investigate the effect of eliminating the stream threshold value (thres), 
and use DFR thereby connecting the surface drainage to compare network growth rates and 








Table 2. Table of model parameters 








Case A Unconnected 0.001 0.001 0% 
Case B Unconnected 0.001 0.001 12.5% 
Case C Unconnected 0.001 0.001 25% 
Case D Unconnected 0.001 0.001 50% 
Case E Unconnected 0.001 0.001 75% 
Case F Connected 0.001 0.001 0% 
Case G Connected 0.001 0.001 25% 
Case H Unconnected 0.005 0.001 25% 
Case I Unconnected 0.0005 0.001 25% 
Case J Unconnected 0.001 0 0% 
Case K Unconnected 0.001 0 25% 


















CHAPTER 3: RESULTS 
 
We consider Case C with 25% groundwater as our baseline case. As in all of the 
experimental cases, the initial topography is a plateau at approximately 15m elevation with a 
valley incised to 0m elevation running along the left edge of the domain. In the first timestep, 
that left boundary is the only location where the combination of slope and surface water 
discharge are large enough to cause fluvial erosion.  The surface water discharge driving this 
fluvial erosion comes from precipitation on cells near the left boundary.  When enough erosion is 
accumulated to bring the elevation within a channel to the seep elevation (10m), that channel 
gets a surge of groundwater baseflow and channel propagation speeds up (Figure 3). The cell, 
newly incorporated into the stream network, is set to a hydraulic head value of zero and the 
hydraulic head ramp shifts to the right. The channels are straight as they propagate to the right 
and water is concentrated at the seep elevation (Figure 4). The location where the cells erode to 
10 meters is the steepest surface topography in the landscape and where the model collects all of 
the water associated with SeepCharge (Figure 5). As Case C completes its 60,000 year run and 
the stream network grows, the influence of groundwater shows distinct markers on the river 
morphology. By the end of the run, 22% of the domain’s cells are incorporated into the stream 
network (Table 3).  
When we compare Case C, to a case with no groundwater (Case A) we see the 
differences that a groundwater component makes to model evolution. For the same amount of 
total water added to the model, Case C evolves a longer stream network than Case A (Figure 3). 
Another leading difference is that with 25% groundwater (Case C) the channels are more likely 
to split into three tips, whilst without groundwater (Case A) the channels will only bifurcate 
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(Figure 4). Groundwater creates a steeper escarpment front, the location where the channels meet 
the upland (Figure 6). Ridge-valley relief is larger when groundwater contributes to the evolution 
as can be seen in the increased difference between the tenth and ninetieth percentiles of elevation 
across the domain.  In Case C, once groundwater has been captured by the evolving channels the 
lowland elevations are lower than in Case A.  
Cases A-E reveal a tradeoff between the amount of groundwater and rate of stream 
evolution. The cases with 12.5% (Case B) and 25% (Case C) groundwater produce a more 
developed landscape over the 60,000-year evolution than with 0% groundwater (Case A) and 
cases with 50% (Case D) and 75% (Case E) groundwater.  This tradeoff occurs because as the 
fraction of water functioning as groundwater increases, the amount of surface water decreases, 
slowing the rate of erosion that can occur before the groundwater is accessed.  Thus, cases with a 
large fraction of groundwater require more time to incise to the seep layer at 10m than cases with 
more moderate amounts of groundwater.  The morphological characteristics of groundwater 
contribution become more exaggerated in Case D and Case E than in cases with less 
groundwater. The mean elevation becomes steeper in the area of stream development and the 
envelope of values between the tenth and ninetieth elevation percentile is wider (Figure 6). These 
cases also show a similar tendency to branch into two or three branches like Case C, and have 
higher amounts of water present in the developing tips of the stream network (Figure 7). 
With surface water routing (DFR) and no groundwater (Case F), we recreate qualitatively 
the same results as Lai and Anders (2018), although at a lower resolution. Surface water routing 
speeds stream development rates. With DFR, the landscape is drained by three larger tributaries 
instead of many smaller streams of nearly similar length (Figure 8). 
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When comparing Case F to Case G, a case with DFR and 25% of the water sourced from 
groundwater, we see the impact of groundwater combined with routing of surface water. Case G 
produces straighter, more deeply incised channels than Case F (Figure 8). The evolution of both 
cases with DFR is greatly contingent on the locations of closed depressions (Figure 4). This 
makes the evolution of the channels in these cases punctuated with slow and fast intervals 
determined by the capture of large packages of drainage area (Figure 5). The mean elevation of 
these cases is variable due to incision of the branching and curved main channels (Figure 6).  As 
in cases without surface water routing, groundwater increases the ridge-valley relief as seen in 
the wider topographic envelope (Figure 6). Both cases with DFR evolve more quickly than cases 
without DFR (Table 3).  However, 25% groundwater speeds the extent of the network even when 
DFR is included (Figure 8). Between Case E (DFR, 0% groundwater) and Case F (DFR, 25% 
groundwater) the stream is not only more developed in Case F but developed into different 
morphology. Groundwater input is able to move the stream out of the pathway determined by the 
initial condition. As extreme sensitivity to initial conditions is a common and undesirable feature 
of numerical landscape evolution models (Kwang and Parker, 2019), this finding suggests that 
including a source of water not beholden to topography at every scale might help produce more 
realistic behavior of landscapes. 
Lastly, we note the significant effect the streampower erosion coefficient (Ksp) and the 
stream threshold value (thres) exert on the development of our simulated landscape. As Lai and 
Anders (2018) found, raising or lowering the Ksp will accelerate or hinder stream development, 
respectively (Figure 9). Similarly, changing the thres value to zero accelerates landscape 
development. The stream network in Case J (no thres, 0% groundwater) and Case K (no thres, 
25% groundwater) after only 15,000 years of evolution is comparable to the stream network in 
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Case C after 60,000 years of evolution (Figure 10). Even with the thres value removed, 
groundwater still shows its characteristic profile steepening in Case K (Figure 10).  
An area of future exploration is considering the effect depth to the aquifer holds on the 
significance of groundwater to stream evolution. We hypothesize that if the model were required 
to erode to a depth greater than 5 meters to reach the conductive layer, groundwater would be 
less significant to the development of the landscape. After all, depth to the groundwater is a 
significant factor that determines whether groundwater seeps to the surface, controls variations in 
groundwater contributions to rivers, and rules the exchange between groundwater and surface 























Figure 3. Topographic elevation of the modeled domain with different percentages of groundwater at after ten-
thousand years (left column) and sixty-thousand years of evolution (right column) for Case A, Case B, Case C, Case 
















Figure 4. Surface water distribution (m3/yr). From top to bottom displayed are Case A, Case F, Case C, Case G. The 
left hand column represents stream evolution at 10,000 years; the right column represents the end time step at 
60,000 years of evolution. 
22 
 













Figure 5. Water source evolution over the simulated time of each model. From top – bottom: Case A, Case C, Case 



























Figure 6. The average elevation for each column from left to right across the modeled domain for the initial time 
step, the mid-point time, and the end of the run. Also pictured are the tenth and ninetieth percentile values. From top 
























Figure 6. (Continued) 
 

































Table 3. Integration of cells to the stream network 






Case A Unconnected 0% 30% 
Case B Unconnected 12.5% 26% 
Case C Unconnected 25% 22% 
Case D Unconnected 50% 13% 
Case F Connected 0% 51% 

















Figure 7. Surface water distribution  (m3/yr) for the 10,000-year timestep (left) and end 60,000-year timesteps (right) 





         






             
Figure 9. Topographic elevation for cases with low Ksp (Case I), regular Ksp (Case C), high Ksp (Case H) after 15.000 
































Figure 10. Topographic elevation in cases of no stream threshold value with 0% groundwater (left, Case J) and 25% 




















CHAPTER 4: DISCUSSION AND CONCLUSION 
 
Like the seepage dominated drainage networks in Florida, our model shows groundwater 
producing steep valley walls, flat valley floors (Figure 3, Figure 6), and long main valleys with 
stubby tributaries (Figure 3, Figure 7) (Schumm et al., 1995). With DFR these groundwater 
hallmarks are still visible, though more subtle.  The extra water from the groundwater seeps 
flattens the topography down gradient from the stream-groundwater interface. This point, called 
the steephead, is likely the area of highest relief since it is the interface of groundwater meeting 
the landscape (Howard and McLane III, 1988). The characteristic angle between the branching 
networks in a stream dominated by groundwater seepage is 72˚, forming as a result of 
groundwater flow warping the growth of the tributaries (Devauchelle et al., 2012).  However, our 
model is composed of large 100m × 100 m cells, therefore we do not resolve channel angles 
directly and do not expect to recreate the dynamics of channel bifurcation in detail. Another 
characteristic of groundwater seepage is the formation of amphitheater valley heads (Schumm et 
al., 1995; Abrams et al., 2009). Although we cannot verify these in our numerical model, efforts 
are underway to evaluate how groundwater seepage could form amphitheater morphology in a 
physical sandbox model representing a setting like the Central Lowlands.  
How could what we learned from our Landlab component SeepCharge advance our 
understanding of post-glacial river development in the Central Lowlands? The Central Lowlands, 
prior to European settlement, was in some areas, six – eight times less drained than the modern 
landscape (Rhoads et al., 2015). While our modeled results indicate that the inclusion of 
groundwater can speed river network development, our results are most suited for estimating 
what post-glacial stream morphology would look like with groundwater contribution. If 
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groundwater were a significant water source to developing river networks, the channels would 
likely be straight and incising into a steep retreating escarpment. These streams may be prone to 
splitting near the tips of the channel heads.  
Our results show that groundwater seepage in low-relief areas steepens the elevation 
profile of the river network and, with moderate groundwater contribution (< 25% of total water), 
increases the rate of channel growth. Groundwater input also promotes branching near the 
channel tips. We cannot disregard groundwater as a viable contributor to post-glacial stream 
evolution. In the future, we could potentially address groundwater’s role in stream development 
in low-relief areas by using sediment cores to reconstruct the pre-agriculture, post-glacial 
landscape of Central Lowlands, or by making observations in recently deglaciated low-relief 
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